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The expanding interest for using lignocellulosic biomass in industry spurred the study of themechanisms
underlying plant cell-wall synthesis. Efforts using genetic approaches allowed the disentanglement of
major steps governing stem ﬁbre synthesis. Nonetheless, little is known about the relations between the
stem maturation and the evolution of its proteome. During Medicago sativa L. maturation, the different
internodes grow asynchronously allowing the discrimination of various developmental stages on a same
stem. In this study, the proteome of three selected regions of the stem of alfalfa (apical, intermediate
and basal) was analyzed and combined with a compositional analysis of the different stem parts. Inter-
estingly, the apical and the median regions share many similarities: high abundance of chloroplast- and
mitochondrial-related proteins together with the accumulation of proteins acting in the early steps of
ﬁbre production. In the mature basal region, forisomes and stress-related proteins accumulate. The RT-ibres qPCR assessment of the expression of genes coding for members of the cellulose synthase family likewise
indicates that ﬁbres and the machinery responsible for the deposition of secondary cell walls are pre-
dominantly formed in the apical section. Altogether, this study reﬂects the metabolic change from the
ﬁbre production in the upper stem regions to the acquisition of defence-related functions in the ﬁbrous
basal part.
© 2015 The Authors. Published by Elsevier Ireland Ltd. This is an open access article under the CC. Introduction
During development, plants are shaped through the activities of
pical meristems, characterized by actively dividing cells, located
n both roots and shoots. Under a tight hormonal control, pro-
ambial strands emerge from the shoot apex and differentiate into
entripetal xylem, centrifugal phloem and an intervening layer of
otipotent fascicular cambial cells: the vascular bundles [1–3]. In
icotyledonous plants, secondary development begins with the
xpansion of the interfascicular cambium which integrates with
he fascicular cambium and mediates the production of parenchy-
al cells, conductive elements and ligniﬁed ﬁbres to allow radial
rowth [1]. During this process of differentiation, the cells acquire
peciﬁc functions and develop a novel architecture, which requires
otable rearrangements in the wall components.
∗ Corresponding author. Tel.: +352 47 02 61 458; fax: +352 47 02 64.
E-mail address: kjell.sergeant@list.lu (K. Sergeant).
ttp://dx.doi.org/10.1016/j.plantsci.2015.05.014
168-9452/© 2015 The Authors. Published by Elsevier Ireland Ltd. This is an open acce
y-nc-nd/4.0/).BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
The plant cell wall, or “extracellular matrix”, is a complex struc-
ture secreted by the cells and forms a restricted frame in which the
plant protoplast develops. Growing cells initially develop a primary
wall, a complex polysaccharidic network in which stiff cellulose
microﬁbrils are embedded in a glue of hemicellulose and pectins
[4]. Primary cell walls also contain 5–10% DW proteins. Once the
cell ceases to grow, another layer, the secondary cell wall, is added
between the plasma membrane and the rather ﬂexible primary
wall. This second layer typically consists of cellulose microﬁbrils
having a higher degree of polymerization than in the primary wall,
lignin, a complex polymer composed of phenylpropane units of
very diverse structures and a limited amount of hemicelluloses,
pectins and proteins. Secondary walls confer rigidity to the cells
and can develop into specialized conductive cells involved in the
formation of tracheary elements [4–6]. Besides their role in provid-
ing structural support to the cells, cell walls play active roles in the
response to abiotic and biotic stress [4,7].
Alfalfa (Medicago sativa L.), a well-known forage crop culti-
vated since antiquity and commonly referred to as the “queen of
ss article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
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orage” for the high nutritive value of its leaves, suffers from
he poor digestibility of its stems [8–10]. Since cell-wall lig-
iﬁcation is the major limitation in alfalfa digestibility, recent
lfalfa crop improvement programmes have focussed on changes
n lignin concentration and composition through modiﬁca-
ion of the expression of enzymes acting in the biosynthetic
athway of the two major monolignols, monomethoxylated
uaiacyl (G) and dimethoxylated syringyl (S) [11,12]. In par-
icular, down-regulation of C3H (coumarate 3-hydroxylase) and
4H (cinnamate 4-hydroxylase) acting in the early steps of
onolignol biosynthesis resulted in increased stem digestibility
11].
Following alfalfa internode elongation, ligniﬁcation occurs as
art of a differentiation programme. Increasing stem maturity
auses parallel changes in lignin composition (increase in the S:G
atio) and variation in polysaccharide concentrations, such as a
ecline in pectins, and an increase in cellulose and hemicellulose.
his differential development observed along alfalfa stems can be
sed to discriminate, in the same stem, parts that differ in their dif-
erentiation process [13] and can thus be used to understand how
tem and cell wall evolve/develop with time. Variations in stem
omposition can be determined with a panel of techniques, from
he direct chemical characterization of the ﬁbres [14] to the use
f techniques based on molecular vibrations, such as near-infrared
eﬂectance spectroscopy (NIRS) which allows the fast screening of
arge sets of samples [15].
Cell-wall synthesis is a complex process in which all cel-
ular compartments are involved. The speciﬁc biosynthesis of
onolignols starts with phenylalanine derived from the shiki-
ate pathway occurring in plastids [16,17], which results in
he formation of 3-p-hydroxyphenyl, guaiacyl and syringyl units
nd ﬁnally lignin, following the activities of numerous cyto-
olic enzymes, membrane-bound proteins and apoplast-located
roteins [18]. Although cellulose synthesis depends essentially
n large membrane-bound complexes—the cellulose synthase
omplexes (CSCs or rosette terminal complex) (that include a
osette-bound sucrose synthase) [19]—thebiosynthesis of themain
uildings blocks, the UDP-Glc units, derives from the activities
f cytosolic UDP-Glc phosphorylases and proteins acting in the
ugar and photosynthetic metabolism. Recent ﬁndings using con-
ocal laser scanning microscopy techniques have highlighted the
nvolvement of actin, Golgi vesicles and highly dynamic intra-
ellular compartments referred to as SmaCCs/MASCs (small CESA
ompartments/microtubule-associated cellulose synthase com-
artments) as key partners for cellulose synthesis [20–22]. A role
f these latter in the regulation of cellulose synthesis in response to
nvironmental stimuli and in plant development programmes has
een suggested [21,23].
Next to the classical genetic approach developed to under-
tand cell-wall dynamics, proteomics has turned towards the
evelopment of complementary methods to analyze proteins from
arious cellular compartments (cytosolic, membranes) and plant
poplastic proteins were successfully isolated [24,25]. It remains
onetheless evident that each of these techniques provides a valu-
ble tool to help unravellinghowplants develop. Proteomeanalysis
arried out on Linumusitatissimum L. in the region of the snappoint,
eﬁned as the stem region inwhich the transition from cell elonga-
ion to secondary wall deposition occurs [26], revealed signiﬁcant
igher accumulation of enzymes acting in the primarymetabolism,
n cytoskeleton (tubulin, actin, myosin) and vesicular movement
dynamin-like proteins) in the ﬁbre fraction; three processes that
ave been clearly demonstrated to participate in cellulose synthe-
is [21]. As such ﬁbres also contain lignin [27], the accumulation
f secreted peroxidases in this ﬁbre fraction, in comparison to the
on-ﬁbre fraction, may be associated with the process of ligniﬁca-
ion [28].e 238 (2015) 13–25
Stems have thus been used to study vascular differentiation
[29], however a proteome screening of different stem regions
to analyze global developmental processes and more particu-
larly ﬁbre maturation is not documented. Here we describe a
proteomic analysis of three selected regions of the alfalfa stem
(apical–intermediate–basal) and assess the expression of the genes
coding for members of the cellulose synthase family. This study
is accompanied by structural analyses of the stem using optical
microscopy, chemical and spectroscopic methods.
Altogether, this paper sheds light on themetabolic dynamismof
the stem and highlights the existence of a switch from the produc-
tion of ﬁbres in the upper stem regions to the acquisition of defence
functions in the mature, lower parts.
2. Materials and methods
2.1. Plant material
Alfalfa (Medicago sativa L. cv Giulia) seeds were inoculated with
a peat-based inoculant (HiStick®, Becker Underwood) according
to manufacturer’s instructions and sown, three seeds per pot, in
1 L containers ﬁlled with soil (50% topsoil, 25% potting soil, 25%
sand). Following germination, two of the three plants per container
were selected. After 3months of cultivation under greenhouse con-
ditions (minimum temperature of 20 ◦C, supplemental lighting to
reach a minimum of 13h per day), the ﬁrst growing shoots (con-
sisting of 11±1 internodes) of nodulated plants at the ﬂowering
stage were collected, leaves (including petioles and stipules) were
separated with a blade and stems of about 50–60 cm long were
divided into ﬁve parts for optical imaging, protein and gene expres-
sion analyses. For the analyses of the ﬁbre content, shoots were
divided into three parts (upper, middle and lower part). At the date
of sampling, the plants developed a total of 2–3 growing shoots.
Plant sections were numbered from the shoot tip to the base of the
stem. Depending on the amount of plant material needed for the
different analyses, a biological replicate consists of an individual
ﬁrst growing stem or a pool of ﬁrst growing stems from differ-
ent plants. Details about the sampling method and sample size are
given in the following sections.
Plantswere grown in two time-shifted batches (spring 2012 and
spring 2013). The ﬁrst batch, corresponding to 15 growing plants
allowed analysing the soluble proteins and performing the optical
imaging. A second batch, 30 plants, was dedicated to the quantiﬁ-
cation of the stem ﬁbres and to the analysis of the genes coding for
members of the cellulose synthase family.
Except for optical imaging and ﬁbre analyses, stem parts were
directly frozen into liquid nitrogen and stored at −80 ◦C prior to
analysis.
2.2. Optical imaging
Internodes of each 1/5 stem segment were analyzed. Small
sections, about 5mm long from the middle of these internodes
were ﬁxed in 1.5mL sodium phosphate buffer (0.2M, pH 7.2)
withglutaraldehyde (1%), paraformaldehyde (2%) andcaffeine (1 g).
Samples were placed under vacuum until fully impregnated. After
impregnation samples were ﬁxed (24h, 4 ◦C) prior to being dehy-
drated in successive ethanol baths: (1) EtOH 70%, 30min, (2) EtOH
70%, 60min, (3) EtOH 95%, 30min, (4) EtOH 95%, 60min, (5) EtOH
100%, 30min.
After dehydration, samples were impregnated (2h) in a solu-
tion containing 50% (v/v) ethanol and 50% (v/v) glycolmethacrylate
resin with additional hardener I 1% (w/v) (Technovit® 7100).
Finally, samples were saturated (24h, 4 ◦C) in glycol methacry-
late resin according to themanufacturer’s instructions (Technovit®
Scienc
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100, Heraeus Kulzer GmbH). After hardening, sections of 8m
ere sliced prior to staining with Fasga [30].
Stem growth and development were analyzed using the free-
are ImageJ 1.45s. We assessed the development of the fascicular
ylem along the stem by measuring, per internode, the maximal
hickness of the xylem of ﬁve randomly selected vascular bundles.
he values are expressed relatively to the average thickness of the
ylem measured on the ﬁrst internode (basal) (Fig. S1). A similar
rocedure was applied to assess the development of the vascular
undle including the sclerenchyma. The proportion of fascicular
ylem per vascular bundle was determined by calculating the ratio
etween the maximal thickness of the xylem per vascular bundle
nd the maximal thickness of the corresponding vascular bundle
including sclerenchyma) based on ﬁve randomly selected vascular
undles per internode (Fig. S1).
.3. Fibre analyses
Stems of similar height, homogeneous in their developmental
tage (ﬂowering) and consisting of 11±1 internodes were pooled
y 6, cut into pieces; the upper apical part (1/3), the intermediate
art (2/3) and the basal part (3/3) to constitute 1 replicate each. In
otal, the ﬁbre analyses were carried out on ﬁve replicates per stem
art.
Fresh samples were dried at 70 ◦C for 3 days and crushed into
owder with a Mortar Grinder RM 200 (Retsch). Near-infrared
pectra of each sample were recorded and samples were further
nalyzed for dietary ﬁbres using a gravimetric method.
.3.1. Near-infrared spectroscopy
Near-infrared spectral datawere collected using a near-infrared
pectrometer (MPA, Brucker, Germany) equippedwith an integrat-
ng sphere having a PbS detector (780–2780nm) and the software
PUS 6.5. The milled samples were placed into quartz sample vials
ﬂat bottom, 22mm in diameter). The spectra were recorded at
oom temperature using the diffuse reﬂection method at wave-
engths ranging from 800 to 2780nm and with a resolution of
6 cm−1. Each spectrum corresponds to a mean of 32 scans.
Spectra were further analyzed using the freeware R 2.15.2 with
he additional packages “hyperSpec 0.98-20130301”, “FactoMineR
.25”, “ChemometricsWithR 0.1.7”, “signal 0.7-3” and “pcaMethods
.50.0”. Only the spectral range from 1350 to 2500nm was used
nd spectral pre-treatments were applied. Spectral pre-treatments
onsisted of a baseline correction, a range scaling (each row is
ivided by the square root of the sum of its squared elements) fol-
owed by a spectral smoothing using a Savitzky–Golay ﬁlter (ﬁlter
olynomial order: 2, ﬁlter length: 7). Spectral data were further
ean-centred and Pareto scaling was applied.
A principal component analysis (PCA) using singular value
ecomposition (SVD) matrix factorization was carried out to check
hether the NIRS spectra could qualitatively discriminated.
.3.2. Fibre analysis
Fibre analysis was carried out using reagents as described by
an Soest et al. [14]. Following NIRS screening, stem ﬁbres were
equentially digested using an Ankom2000 Fibre Analyzer in accor-
ancewith the recommendations forNDF (neutral detergent ﬁbre),
DF (acid detergent ﬁbre) and ADL (acid detergent lignin) analy-
es. In brief, 250–500mg of the crushed dry material were placed
n ﬁlter bags (F57 ﬁlter bag; ANKOM Technology Corp.), bags were
eat sealed,weighed, placed in the bag suspender and inserted into
he ﬁbre analyser vessel prior to boiling in neutral detergent solu-
ionswith additional sodium sulphite and alpha amylase according
o Ankom’s instructions. For each run, three blank bags (empty)
nd threehome-made internal standards (bagswith approximately
00mg dry alfalfa stem powder) were simultaneously digested toe 238 (2015) 13–25 15
allow further blank bag correction and data normalization over the
entire experiment. After extraction, bags were rinsed in acetone
for 5min, dried on a wire screen until acetone evaporation, com-
pletely dried in oven at 70 ◦C for 4h and weighed. The same bags
were then digested with acid detergent solution (ADF) following a
similar procedure and weighed. Samples were ﬁnally digested for
3h in 72% (w/w) sulphuric acid solution according to the Ankom’s
method for determining acid detergent lignin in beakers and ﬁnally
weighed. Calculations were performed as follows:
%Fibre (NDF or ADF or ADL) =100× (dried weight of bag with
ﬁbre after extraction process–(bag tare weight×blank bag correc-
tion))/DW of the initial sample
The proportion of hemicellulose and cellulose were estimated,
respectively, by calculating the difference between the percentage
of neutral detergent ﬁbre (%NDF) and the percentage of acid deter-
gent ﬁbre (%ADF) and by calculating the difference between the
percentage of acid detergent ﬁbre (%ADF) and the percentage of
acid detergent lignin (%ADL). Starch and soluble pectic substances
were estimated by the formula (1−%NDF) and the proportion of
lignin was estimated by the percentage of ADL (%ADL).
2.4. Protein analyses
2.4.1. Plant sampling
For protein extraction, the ﬁrst growing stem (11±1 intern-
odes) from ﬁve individual plants homogeneous in their develop-
mental stage (ﬂowering) was divided into ﬁve parts. Each resulting
plant part was annotated from the apical (1/5) to the basal (5/5)
end. Only parts 1/5 (apical), 3/5 (intermediate) and 5/5 (basal)were
selected for proteomic characterization. One proteomic replicate
consisted of a single stem section fromone individual plant. Protein
extraction and quantiﬁcationwere performed on the ﬁve replicates
and four were randomly selected for DIGE analysis, resulting in a
total of 12 samples (3 stem parts×4 plants).
2.4.2. Protein extraction
Frozen samples were ground to powder in a mortar pre-
cooled with liquid nitrogen and proteins were extracted using a
TCA/phenol-SDS protein extraction method as follows.
The crushed stem from each replicate was transferred to 2mL
microtubes and re-suspended in 1mL ice-cold TCA (20%, w/v)
in acetone with 0.1% (w/v) DTT. Proteins were precipitated for
60min at−20 ◦C, sampleswere centrifuged (10,000× g, 4 ◦C, 5min)
and the supernatant was discarded. After precipitation, the pellets
were washed in 1.5mL of ice-cold acetone and centrifuged again
(10,000× g, 4 ◦C, 5min). This washing step was repeated twice and
the pellets were subsequently dried under low pressure.
Pellets were re-suspended in 800L of UltraPureTM Buffer-
Saturated Phenol (Invitrogen) and 800L of SDS buffer (30%,
w/v) sucrose, 2% (w/v) SDS, 0.1M Tris–HCl, pH 8.0, 5% (v/v) 2-
mercaptoethanol, mixed in an Eppendorf Thermomixer (1400 rpm,
20 ◦C, 20min) and subsequently centrifuged (11,000× g, 20 ◦C,
5min) to allow the separation of the phenolic and the SDS–buffer
phases.
For each sample, two volumes of 300L of the phenolic phase,
at top of the tubes, were collected in two separated 2mL micro-
tubes. In each tube, proteins were precipitated by adding 1.5mL of
ice-cold 0.1M ammonium acetate in methanol and kept overnight
at −20 ◦C. Samples were centrifuged (10,000× g, 5 ◦C, 5min) and
the pellets were washed twice with 0.1M ammonium acetate in
methanol. Sampleswere ﬁnallywashed twomore times in ice-cold
acetone/water (80/20, v/v) and re-suspended in 50L of labelling
buffer (7M urea, 2M thiourea, 30mM Tris, 2%, w/v, CHAPS). Sam-
ples were shaken in an Eppendorf Thermomixer (700 rpm, 20 ◦C,
60min), centrifuged (14,000× g, 30 s) to remove insolublematerial
and both extracts from the same sample were re-pooled. Prior to
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uantiﬁcation, the pH of the samples was adjusted to 8.5 using 1M
Cl. Protein quantiﬁcation was carried out with Bradford protein
ssay using BSA as standard [31].
.4.3. Protein labelling
Proteins, 50g of each sample, were labelled with 400pmol of
yes LUMIPROBE LLC 25nM (Interchim®). Cy2 was used for the
nternal standard, a sample made of the same amount of proteins
rom all samples, and Cy3 or Cy5 were used to label the different
amples. Labelling was carried out in the dark at 4 ◦C. After 30min
ncubation, the reaction was quenched by the addition of 1L
0mM lysine and a further 10min incubation in the dark at 4 ◦C.
amples were pooled by 2, an equal volume of internal standard
as added and the volume was adjusted to 450L with lysis buffer
7M urea, 2M thiourea, 0.5%, w/v, CHAPS). Finally, 2.7L Destreak
eagent (GE-Healthcare) and 1.5% (v/v) Ampholyte (Bio-Rad) (pH
–7) were added and samples were loaded onto ImmobilineTM
ryStrip (3–7 NL, 24 cm) for overnight rehydration.
.4.4. Protein migration and analysis
Isoelectric focusing (IEF)was carried out at room temperature in
ﬁve-step programme: (1) constant 100V for 3h, (2) 4h linear gra-
ient from 100 to 1000V, (3) constant 1000V for 5h, (4) 6h linear
radient from 1000 to 10,000V, (5) constant 10,000V voltage until
eaching a total of 90,000Vh. During IEF, the current was limited
o 75A per strip.
Prior to the second dimension, strips were equilibrated 15min
n equilibration buffer (Serva Electrophoresis GmbH, Heidelberg)
omplemented with 6M urea and 1%, w/v, DTT and further 15min
n equilibration buffer (Serva Electrophoresis GmbH) comple-
ented with 6M urea and 2.5%, w/v, IAA. Strips were then loaded
n 2D HPETM Large Gels NF 12.5% (Serva Electrophoresis GmbH)
nd electrophoresis was carried out using an HPETM Tower System
ccording to manufacturer’s instructions. After the front reached
he bottom of the gel, the proteins were ﬁxed in a solution con-
aining 15% (v/v) ethanol complemented with 1% (m/v) of citric
cid at least 2h and rinsed with MQ water. Gels were subsequently
canned using a Typhoon FLA 9500 scanner (GE-Healthcare), and
uantitative analysis was carried out using the DeCyder software
v7.0, GE-Healthcare). Spot comparison was performed by cal-
ulating the ratio r between the average intensity of a spot in
he different stem parts. In case this ratio was superior to 1, we
eported a fold-change equal to r. In case r was inferior to 1, we
eported a fold-change equal to −1/r. An absolute fold-change
uperior to 1.5 was considered to be signiﬁcant (Student’s t-test,
-value≤0.05). Picking, digestion, MALDI spotting and MS anal-
ses were carried out as described by Printz et al. [32]. MS and
S/MS spectra were submitted for NCBInr database-dependent
dentiﬁcation using the taxonomy viridiplantae (http://www.ncbi.
lm.nih.gov) downloaded on January 18, 2013, and containing
2,586,145 sequences on an in-house MASCOT server (Matrix Sci-
nce, www.matrixscience.com). A second search was carried out
gainst an EST eudicots database downloaded on July 17, 2012, and
ontaining 14,452,337 sequences. Protein identiﬁcations, includ-
ng MS/MS and spot data, are available in Table S1a, 1ba, 1b and
c.
.5. Gene expression analyses
Twenty-four ﬁrst growing stems (11±1 internodes) homoge-
eous in their developmental stage (ﬂowering) were divided into
ve parts. Each resulting plant segment was annotated from the
pex (1/5) to thebase (5/5) andpooledby6 toconstitute4 replicates
er stem part.
Since thealfalfa genome is currentlynot available, the sequences
etrieved from the available genome of barrel medic (Medicagoe 238 (2015) 13–25
truncatula) were used to design primers. The genome of the closely
related barrelmedicwas indeed reported to be suitable formolecu-
lar analyses on alfalfa [13]. The sequenced genome of M. truncatula
was therefore mined to determine the number of putative cellu-
lose synthase genes (CesAs), by blasting the full-length sequences
reported in Arabidopsis thaliana and Populus trichocarpa [33]. Nine
genes were identiﬁed which code for proteins belonging to both
the primary and secondary cell-wall clade. Primers for qPCR anal-
ysis were subsequently designed on the M. truncatula CesAs as
reported below, in order to amplify and study the orthologs from
alfalfa.
2.5.1. RNA extraction and cDNA synthesis
Sampled tissues were initially ground in liquid nitrogen using a
mortar and a pestle, then pulverized using a TissueLyser and 5mm
autoclaved stainless steel beads. Special care was taken to keep the
samples frozen and prevent thawing.
Total RNAwasextractedusing theRNeasyPlantMiniKit coupled
to theon-columnDNase treatment (Qiagen) for removal of genomic
DNA. The integrity of the extracted RNA was checked using an Agi-
lent Bioanalyzer (RINs were all >8) and the purity/concentration
measured with a NanoDrop ND-1000 spectrophotometer. Subse-
quently 1g of DNase-treated RNA was retro-transcribed using
the Superscript II cDNA Synthesis Kit (Invitrogen), according to the
manufacturer’s instructions.
2.5.2. Real-time PCR
For real-timePCRanalysis, 10ngof cDNAwereused as template.
The cDNA was ampliﬁed using the MESA GREEN qPCR Master-
Mix Plus Low ROX (Eurogentec) on a ViiA 7 Real-Time PCR System
(Applied Biosystems).
The reactions were performed in triplicates and repeated on
four biological replicates. The PCR conditions consisted of an initial
denaturation at 95 ◦C for 10min, followed by 45 cycles of denatur-
ation at 95 ◦C for 15 s, annealing/extension at 60 ◦C for 60 s.
A dissociation kinetics analysis was performed at the end of the
experiment to check the speciﬁcity of the annealing. The amplicons
were all veriﬁed by sequencing.
The primers used to perform real-time PCR analyses are listed
in Guerriero et al. [33].
The stability of 10 candidate reference genes, namely actin,
tubulin, ubiquitin-conjugating protein 13 (UBC13), cyclophilin,
elongation initiation factor 4A (eif4A), elongation initiation factor
5A (eif5A), translation initiation factor IIA (TFIIA), glyceraldehyde-
3P dehydrogenase (GAPDH), actin-depolymerizing protein (ADF1),
poly(A) binding protein 4 (PAB4) was evaluated using geNormPLUS
[34]. The candidate reference gene primers for actin, tubulin and
GAPDH were designed on the sequences from M. truncatula (acces-
sion numbers XM 003621971, XM 003603622, XM 003595990,
respectively). The other primers were designed on the sequences
reported in Yang et al. [35]. Following assessment of the Ct values,
three independent biological replicateswere retained for statistical
analysis.
The resultswere analyzed using the software qBasePLUS [36] and
normalized using the six most stable genes belonging to different
functional classes (ADF1, cyclophilin, PAB4, TFIIA, eif4A, eif5A). The
expression levels of the genesdetected in thedifferent stemregions
analyzed are here expressed as relative normalized expression. A
one-way ANOVA (with Tukey’s HSD post hoc test) was performed
on the log2-transformed values using IBM SPSS Statistics (version
19), after having checked the normal distribution of the data with a
with a Kolmogorov–Smirnov test. Hierarchical clustering was gen-
eratedwith Cluster 3.0 [37] and visualizedwith Java TreeView [38],
available at http://jtreeview.sourceforge.net/
B. Printz et al. / Plant Science 238 (2015) 13–25 17
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Fig. 2. NIRS analysis of the three stemregions (apical–intermediate–basal). (A) Prin-
cipal component analysis of thepre-treatedNIRSdata. Representedare the twomain
axes accounting for 75.11% of the total variability of the cloud of points. Note that
the ﬁrst dimension allows for discrimination of the apical part from the lower stem
parts and that the second dimension reﬂects the biological variability between sam-
ples. Blue boxes represent the barycentre of the ﬁve individual measurements fromig. 1. Optical imaging of alfalfa stem regions stained with Fasga coloration (thick-
ess: 8m). Sections are organized from the apex (1/5) to the most basal region of
he stem (5/5).
. Results
In this study, the stem of alfalfa was divided into ﬁfth and
nnotated from the apex (1/5) to thebase (5/5). This paper ismainly
ocused on the three stem segments: (a) apical (1/5), (b) interme-
iate (3/5) and (c) basal (5/5).
.1. Histological imaging and ﬁbre analysis
With optical imaging, a gradual increase in stem secondary
rowth was observed from the apex to the base of the stem
Figs. 1 and S1). In the most apical ﬁfth (1/5), the vascular
undles composed of primary xylem, primary phloem and cam-
ium are separated by thin-walled parenchymal cells. Secondarya same stem region. (B) Loading plot of the two ﬁrst PCA loadings.
phloem and xylem begin to develop. From the next region down
(2/5), the interfascicular cambium differentiates to form a con-
tinuous ring with the fascicular cambium (Fig. 1). Interfascicular
parenchyma undergoes primary wall thickening. Gradually, the
cambial ring produces lignocellulosic centripetal xylem and cel-
lulosic centrifugal phloem (Fig. 1). From the fourth ﬁfth, fascicular
and interfascicular xylem elements form a homogenous structure.
The fascicular xylemand the vascular bundle follow a regular linear
thickening from the apex to the base of the stem (Fig. S1A–C). The
proportion of fascicular xylem per vascular bundle increases from
the apex (1/5) to the second ﬁfth of the stem but tends to stabilize
in the most basal regions (5/5) (Fig. S1D).
To assess the composition of the stem at the structural level,
near-infrared (NIR) absorbance spectra of dry powder resulting
from the grinding of the different stem parts were recorded. PCA
analysis revealed that theﬁrst axis of thePCA, accounting for40.90%
of the total variability of the cloud of points, separates the api-
cal samples from intermediate and basal samples (Fig. 2). Since
NIR spectroscopy relies on molecular overtones and the combined
vibrations of the chemical bonds C H, O H and N H [39], the seg-
regation of the samples from the apical region indicates that this
region has a distinct molecular composition compared with the
lower parts. From the loading plot (Fig. 2B), ﬁve absorbance regions
having a maximal height at 1370.3, 1964.09, 2182.32, 2306.58 and
2422.99nm can be distinguished, indicating variation in the abun-
dance of the functional groups CH3, RCO2R, CONH2, RNH2 and C C
in the apical part in comparison with the two lowest regions [40].
The second axis of the PCA that accounts for 34.21% of the total
variability emphasizes a high heterogeneity existing between the
1 Science 238 (2015) 13–25
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Table 1
Average expression level of the cellulose synthase gene expressed relatively to the
expression measured in the basal region (5/5).
Gene 4/5 3/5 2/5 1/5
Primary wall CesA1 0.80 1.00 1.23 1.19
CesA3 0.93 1.10 1.08 0.97
CesA6-B 1.10 1.19 1.09 0.94
CesA6-C 0.99 1.62 2.79 2.65
CesA6-F 1.16 1.46 1.67 1.55
Secondary wall CesA4 0.89 1.82 3.96 5.42
CesA7-A 1.46 3.73 12.40 12.128 B. Printz et al. / Plant
ifferent replicates and is attributed to absorbance regions having
maximum at 1416.63, 1728.4, 1914.77, 2160.5 and 2290.28nm.
Since the NIR spectroscopy analysis indicates changes in molec-
lar composition with increasing maturity, we performed an
nkom Fibre gravimetric analysis to estimate the proportion
f the main structural compounds of the stem, soluble com-
ounds/starch/pectins (1−%NDF), hemicellulose (%NDF−%ADF),
ellulose (%ADF−%ADL) and lignin (%ADL) in each stem part (Fig.
2). Conﬁrming the NIR-obtained segregation of the samples from
he apical extremity on the ﬁrst axis of the PCA (Fig. 2), the api-
al extremity contains signiﬁcantly less of the structural polymers
ellulose and lignin, but not hemicellulose, than the two lower
tem parts. In contrast, the composition of the intermediate and
ower stem parts does not signiﬁcantly differ (Fig. S2). These lower
roportions of cellulose and lignin are compensated by a signiﬁ-
ant higher proportion of hydrosoluble compounds/starch/pectins
n the apical part in comparison to the two other stem sections (Fig.
2).
.2. Proteome analyses using 2D difference in-gel electrophoresis
The development of alfalfa stem was assessed by proﬁling the
roteome of three stem parts from the elongating apical extrem-
ty to the thick-walled basal region. The intermediate sample was
nalyzed in order to aid in the disentanglement of the metabolic
witch occurring between primary and secondary growth. Among
he 3000 spots detected on each gel, 60 proteins signiﬁcantly dif-
er in abundance between the apical and the basal part (p-value
-test < 0.05, absolute fold-change>1.5), 8 between the apical and
he intermediate part, and 36 between the intermediated and basal
egion (TableS2). Contrary to thegravimetricﬁbreanalysis, thepro-
eomicdata indicateahighsimilaritybetween theyoung, apical and
he intermediate region, rather than between the intermediate and
he mature, basal segment. In fact an important metabolic switch
ccurs slightly below the intermediate stem region (Table S2).
Among the biological processes affected by the set of proteins
hich signiﬁcantly differ between the different stem regions, most
hanges in abundance are observed for proteins involved in biotic
nd abiotic stresses and in controlling cellular processes (Fig. 3A).
hen sorted according to the cellular compartment in which the
ifferentially accumulated proteins occur, our study highlights that
he chloroplast machinery and the apoplast are major sites of mod-
ﬁcations (Fig. 3B).
Stems are commonly described as biological structures involved
n the transport of water, nutrients and assimilates via the two
ypical paths formed by the xylem vessels (transport from root to
hoot/leaves) and the sieve tube elements of the phloem (transport
rom source to sink). Although leaves are the most photosynthet-
cally active organ in plants, stems also perform photosynthesis
41,42]. During leaf maturation, the metabolism of leaves switches
romsink to source, oncephotosynthetic activity is fully established
43]. Here, we gathered cues supporting that the photosynthetic
etabolism undergoes clear maturation in stems.
.3. CesAs expression
In plant, themachinery of cellulose synthesis involves cellulose-
ynthase rosettes, functional cellulose-synthesizing complexes
xhibiting a multicatalytic glycosyltransferase activity [44,45].
epending on the type of growingwall, the formation of the rosette
nvolves proteins encoded by different CesA genes [46–48]. How-
ver, recent studies indicated that mixed primary and secondary
ESA complexes retain functionality [49,50], therefore a certain
exibility/promiscuity in terms of interacting partners exists in
lant CESAs at certain stages. To check for differences in the
xpression of genes involved in the formation of cellulose-synthaseCesA7-B 1.09 1.53 2.27 3.45
CesA8 1.39 4.84 18.33 16.69
rosettes between the stems parts, we identiﬁed the genes cod-
ing for cellulose synthases (CesAs) in M. sativa and followed their
expression along the stem (Fig. 4). Although signiﬁcant differ-
ences in gene expression were recorded for CesA genes putatively
involved in primary (CesA1, CesA6-C) and secondary wall deposi-
tion (CesA4,CesA7-A,CesA8), themost remarkable variations inCesA
gene expression are observed for the genes related to secondary
wall biogenesis (Table 1). Relative to the basal segment, the expres-
sion of CesA7-A and CesA8 shows a 12.12-fold to 18.33-fold increase
in the upper stem regions.
4. Discussion
4.1. The machinery of protein synthesis
The current proteomic dataset sheds light on the complexity of
the regulation of protein synthesis and degradation along the stem
and among the different cellular compartments. According to the
evolution of the spot volumes, two sets of proteins can be distin-
guished (Fig. 5A and B). The ﬁrst regroups the proteins in the spots
321, 512, 701, 1138, 1392and2971 (Fig. 5A) that areof higher abun-
dance in theupper regions, the secondclusters spots205, 693, 1924,
2385 and 2546 (Fig. 5B) and contains proteins that accumulated
more in the ﬁbrous basal region.
The young apical stem segment accumulates proteins playing a
role in the broad process of chloroplast protein synthesis, spanning
from the control of RNA stability to the acquisitionof theﬁnal struc-
ture of the protein (CSP41-b (spot 1392), EF-Tu (spot 1138), EF-G
(spot 321), Cpn60 (spot 701)). One HSP 70 (spot 512), involved in
protein folding and refolding, but without evidence of chloroplast
location, also follows a similar accumulation as Cpn60. Globally,
this indicates that this region is a site of high chloroplastic pro-
tein metabolism. In contrast, the second cluster group proteins
that accumulate with increasing stem maturity (Fig. 5B), which
are involved in cytosolic protein biosynthesis (eIF-5a (spot 2385)),
maturation (endoplasmic protein disulﬁde isomerase (spot 693)),
turnover (HSP90 (spot 205)), and protease regulation (proteasome
subunit alpha type-2-A-like (spot 1924)). We noticed in particular
that one stalk ribosomal proteins P3-like (spot 2546) is of higher
abundance in the basal region. In Nicotiana benthamiana, silenc-
ing of a homolog of this protein resulted in reduced Potato Virus A
infection. This reduction is attributed to a limited translation and
indicates that the presence of the stalk is important in the regu-
lation of the translation process [51]. Globally, and although the
protein content measured in the most mature region was signiﬁ-
cantly lower than in the apical region (Table S3), the ﬁbrous base
of the stem remains a site of active protein metabolism.4.2. Chloroplastic activity of alfalfa growing stems
The synthesis of the cell-wall components starts with
the production of activated nucleotide sugars (for cellulose,
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Fig. 3. Clustering and Venn diagram obtained from the differentially accumulated proteins. (A) Clustering of the differentially expressed proteins according to the biological
process in which they are involved. Number of GO corresponds to the occurrences in the classiﬁcation according to gene ontology. (B) Venn diagram of the cellular compart-
ments in which the differentially expressed proteins are localized. Gene ontology annotation and clustering were carried out using the online tools Goanna, GOSlimViewer
and GOSlimAuto available at the Agbase website (http://agbase.msstate.edu).
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Fig. 4. Expressionproﬁle of the different cellulose synthase genes along the stemof alfalfa plants (cv. Giulia) and associatedhierarchical clustering. Stemswere cut in ﬁfths and
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Innotated from the apex (1/5) to the most basal segment (5/5). Error bars represent
eplicates per stem part and determined following Tukey’s HSD test. Each letter co
he signiﬁcant increase in expression of all genes involved in secondary cellulose de
emicellulose and pectin production) and early shikimate precur-
ors (for lignin synthesis). In plants, the use of carbon directly
erived fromphotosynthesis or remobilized fromthenon-reducing
ugar sucrose represents the major source of carbon for the gener-
tion of nucleotide sugars [52]. Similarly, a close connection exists
etween photosynthetic activity and lignin synthesis [53].
Similar to growing leaves, the apical extremity of the stem
ndergoes speciﬁc maturation to develop the chloroplast machin-
ry. Although the process of thylakoid biogenesis remains unclear,
dynamic system of vesicle transport and the assistance of sev-
ral factors appear to be essential for the biogenesis of thylakoids
n mature chloroplasts [54,55]. In A. thaliana, deﬁciency in one of
hese factors (Thf1) resulted in accumulation of membrane vesi-
les in chloroplasts without forming thylakoids. TEM analysis of
ransgenic lines, in which Thf1 cDNA is introduced in antisense ori-
ntation, conﬁrmed that the presence of Thf1, which accumulates
n the apical part (spot 1840, Fig. 5C), governs normal thylakoid
rganization [54].
A similarpatternof accumulation isobserved for spot1163 iden-
iﬁed as a glutamate-semialdehyde (GSA) aminomutase (Fig. 5C).
he ﬁrst part of the chlorophyll biogenesis is the conversion of
lutamic acid to 5-aminolevulinic acid (ALA) in a three-step path-
ay involving the activation and reduction of a glutamic acid and
ﬁnal conversion to ALA catalyzed by a GSA aminomutase [56].
he formation of the precursor ALA has been proposed as the rate-
imiting step in chlorophyll synthesis [57]. Although proteomics
oes not provide information on protein activity, the higher abun-
ance of GSA aminomutase (spot 1163) indicates that porphyrin
etabolism and the acquisition of thylakoid organization may
ollowa similar regulation (Fig. 5C). In the apical region,wenoticed,
n parallel, an accumulation of a 6-phosphogluconate dehydroge-
ase (spot 943) which catalyses the decarboxylating reduction of
-phosphogluconate into ribulose 5-phosphate, the last step of the
xidative part of the pentose phosphate pathway (Fig. 5C) and also
nvolved in generating NAPDH from NADP+.
Proteins located in the thylakoid membrane and directly
nvolved in photophosphorylation reach a maximum abundance in
hemedium and apical regions, suggesting that chloroplastic activ-
ty of the stem is maintained below the medium part of the stem
Fig. 5D). One light harvesting chlorophyll-a/b binding protein Lhcb
(spot 1971) together with a photosystem I subunit VII (spot 2902)ard deviation. Multiple comparison of means was carried out using three biological
nds to a group that is signiﬁcantly different from the others (p-value <0.05). Note
ion in the upper stem regions (CesA4, CesA7-A, CesA8).
are signiﬁcantly more abundant in the apical and the intermedi-
ate parts in comparison to the basal stem region (Fig. 5D). Since
these proteins are part of the photosystem supercomplexes and
have been demonstrated to play a role in their activity and in the
transfer of excitation energy [58–60], their increased abundance
in the apical extremity of the stem may be associated with higher
resonance energetic transfer to the reaction centre of the photo-
system, leading consequently to a higher ﬂux of electron through
the thylakoid membrane.
Consistent with this assumption, a higher abundance of
ferredoxin-NADP+ reductase involved in the production of the
reducing agent NAPDH (spots 1508 and 1519) [61] and chloroplast
ATPase subunits (spots 189, 803 and 884) is observed in the two
upper stem regions in comparison to the basal one (Fig. 5D).
During photophosphorylation, bicarbonate ions are pumped in
the thylakoid by using the proton gradient and are converted into
CO2 by carbonic anhydrases [62]. Photophosphorylation can thus
be seenasaglobalprocess thatdelivers a coordinated supplyofATP,
NAPDH and CO2 to the Calvin cycle [63] (Fig. 6). As shown by the
higher abundance of proteins acting in C-ﬁxation, namely cytosolic
and chloroplastic carbonic anhydrases (spots 1185, 1832, 1965,
1977 and 1993) (Fig. 5E), fragments or subunits of the ribulose-
1,5-bisphosphate carboxylase/oxygenase (spots 770, 797, 810,846,
851, 859, 862, 872, 877, 879, 881, 904 and 2692), chloroplast fruc-
tose bisphosphate aldolase (spots 1299, 1312 and 1316) (Fig. 5F)
and RubisCO activase (spot 1256) in the 2 most apical segments,
the Calvin cycle appears to be the main acceptor of the products of
photophosphorylation occurring at this site (Fig. 5F). Interestingly,
one chloroplastic 2-cys peroxiredoxin BAS1 (spot 2090) known to
protect the photosynthetic apparatus, increases in abundance in
the intermediary region relatively to thebasal extremity [63] (Table
S2 and Fig. 5F).
The interaction between the leaf and the non-foliar photosyn-
thesis is complex andwasmostly studied for plants living in deserts
and Mediterranean habitats. In plants, the stem net photosynthetic
rate can represent up to 60% of the leaf net photosynthetic rate and
contributes positively to the carbon gain of the plant [64,65]. Age-
dependency of stem-internal CO reﬁxation was however reported2
in woody stems which develop ligniﬁed tissues and a protec-
tive bark layer [64]. In our study, the differential accumulation of
proteins involved in chloroplast activity highlights the metabolic
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Fig. 5. Proﬁle of the abundance of spots (expressed as normalized volume) in the different parts (base, intermediate, apex) of the alfalfa stem. (A, B) Protein biogenesis
a ikima
p
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p
pnd catalysis; (C–F) chloroplastic activity; (G) sucrose biosynthetic pathway; (H) Sh
roteins.
witch that occurs between the two youngest stem regions and the
oody basal segment (Fig. 6). In particular, this change is accom-
anied by the stabilization of the proportions of fascicular xylem
er vascular bundle (Fig. S1D) at the microscopic scale, by thete precursors; (I) mitochondrial respiration; (J) redox regulation and stress-related
stabilization of the ﬁbre composition as revealed by the cluster-
ing of the medial and basal stem regions (Fig. 2) and by the absence
of signiﬁcant difference in the proportions of ﬁbre down from the
intermediate stem region (Fig. S2).
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mig. 6. Evolution of the chloroplast proteome in the apical (1/5) vs basal (5/5) stem
hich proteins are of higher and lower abundance in the apex.
.3. Partitioning of the carbon ﬁxed during the Calvin cycle
.3.1. Sucrose biosynthetic pathway and cellulose synthesis
Assuming a higher photosynthetic activity in the apical and
ntermediate regions in comparison with the basal one would
onsequently increase the availability of triose-phosphates in the
ytosol of the two youngest stem parts. Cytosolic fructose-1,6-
isphosphatase (cFBPase) (spot 1332) accumulates in the upper
arts of the stems, particularly in the apex (Fig. 5G). In rice (Oryza
ativa) and A. thaliana, decreased expression of cFBPase resulted in
ecreased sucrose level and photosynthetic rate in day conditions
66,67]. In transgenic A. thaliana plants, overexpression of cFB-
ase together with a chloroplastic envelope phosphate/phosphate
ranslocator (TPT) resulted in enhancedphotosynthetic activity and
ncreased levels of soluble sugar and starch [68]. Based on these
bservations and since cFBPase catalyses the unidirectional con-
ersion of fructose-1,6-bisphosphate to fructose 6-phosphate in an
arly step of sucrose synthesis, the higher accumulation of cFBPase
n theapical extremityof the stemsuggests ahigherﬂuxof carbohy-
rates to the sucrose synthesis pathway in the upper stem regions.
ince the production of UDP-glucose is depending on this route, the
ncrease in cFBPase may drive a higher ﬂux of this precursor in the
ntermediate and apical stem regions. This hypothesis is consistent
ith the enrichment of cellulose in the cell wall observed between
he apical and the intermediate stem segment (Fig. S2).
The higher expression of genes coding for the production of cel-
ulose synthase subunits involved in secondary cell-wall synthesis
ay indicate that the main site of secondary wall CSC formation
s located in the upper regions of the stem (Fig. 4). Nonetheless,
ince microscopic imaging indicates a constant increase in sec-
ndary development with stem maturation (from the apex to the
ase; Figs. 1 and S1A and B), the machinery of cellulose synthesis
n secondary walls may stay active all along the stem.
A higher accumulation of clathrin light chain (CLC) proteins
spot 925, Fig. 5G) was further observed in the intermediate and
asal regions of the stem. Besides controlling the establishment
f auxin transporters, mediating plant hypersensitive response,
articipating in cell plate formation and modulating membrane
urnover [69], clathrin-mediated endocytosis is used by plants to
egulate theabundanceof active cellulose synthasecomplexesCSCs
t the plasma membrane [70]. Also established is the role of corti-
al microtubules and actin in the delivery of CSCs to the plasma
embrane [20,21]. Although no cytoskeletal protein was foundns of alfalfa. Green and red-ﬁlled boxes indicate, respectively, biological routes in
differentially accumulated in this study, oneprefoldin subunit (spot
2743), shown to be able to form stable binary complexes with
nascent unfolded actin and tubulin [71], accumulated in the basal
region in comparison with the two upper stem segments.
Simultaneously, we noticed a signiﬁcant lower abundance of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (spots 1300
and 1326) involved in producing 1,3-bisphosphoglycerate in gly-
colysis in the upper stem parts relatively to the lower region
(Fig. 5G). In the apical extremity, the decrease in GAPDH may fur-
ther limit the production of 3-phosphoglycerate (3-PGA) through
glycolysis and favour its production through the Calvin cycle.
In contrast, the generation of 3PGA through glucose catabolism
appears enhanced in the lower region.
4.3.2. Shikimate pathway and phenylpropanoid metabolism
The entry point into the shikimate pathway is the production of
shikimate from erythrose-4-phosphate and phosphoenolpyruvate
by the 3-deoxy-d-arabino-heptulosonate 7-phosphate synthase
(Fig. 7). By catalyzing the production of erythrose-4-phosphate,
transketolase (TK) mediates phenylpropanoid metabolism. In
particular, a decrease in chloroplastic TK activity results in
the decreased abundance of precursors for lignin synthesis
[72]. Similarly, inhibition of enolase activity, which converts
2-phosphoglycerate into phosphoenolpyruvate, strongly limits
secondary pathways such as the shikimate branch of amino acid
biosynthesis [73]. Relative to the woody stem part, the upper
stem segments have a signiﬁcantly higher abundance of chloro-
plast TK (spots 416, 430, 444 and 445) and a higher abundance
of enolase (spot 921) (Fig. 5H). With respect to their implication
in phenylpropanoid metabolism, the differential accumulation of
these proteins supports the idea that the synthesis of lignin precur-
sors is more active in the two upper stem regions in comparison
to the mature basal part. This correlates with the stabilization of
the proportions of lignin and with the stagnation of the propor-
tion of intrafascicular xylem per vascular bundle down from the
intermediate stem part (Figs. S1D and S2)
4.3.3. Mitochondrial respiration
Besides being used in the sucrose pathway and secondarymetabolism, 3PGA is converted into pyruvate during the last step of
glycolysis (Fig. 7). Following the pyruvate dehydrogenase reaction,
pyruvate is converted into acetyl-CoA and enters the TCA cycle.
The conversion of pyruvate into acetyl-CoA involves the pyruvate
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hig. 7. Evolution of the main cytosolic routes which are differentially regulated b
ndicate, respectively, biological routes in which proteins are of higher and lower a
ehydrogenase complex. In the two youngest regions, two spots
ontaining pyruvate dehydrogenase E1 component subunit beta
spot 1384) and mitochondrial aldehyde dehydrogenase family 2
ember B4 (spot 2983) are increased in abundance in comparison
ith the basal stem segment (Fig. 5I). The simultaneous increase in
bundance of proteins directly involved in mitochondrial activities
NADH:ubiquinone oxidoreductase (spot 388), and ATPase alpha
1 (spot 805) conﬁrms the higher energetic needs of the growing
egions of the stems where ﬁbre maturation occurs.
.4. Forisome proteins accumulate in the most mature stem
egions
Mature sieve elements are connected to each other at the
ieve plate perforated by numerous pores assuring a symplas-
ic continuity of the sieve tubes. In Fabaceae, typical crystalline
hloem-speciﬁc proteins (forisomes) have been demonstrated to
ndergo rapid conformational changes, from a condensed to a dis-
ersed state in response to variations in Ca2+ concentration [74,75].
n their dispersed form, these forisomes have been proposed to
orm plugs able to modulate the phloem ﬂux [74]. This latter sug-
estion has recently gained in plausibility by using artiﬁcial sieve
lementsmodels [76]. Forisomes already appear in immature sieve
lements in the form of small thin crystalline structures which
evelop a tail when sieve tubes differentiate. They remain but fray
ut into ﬁlaments and striated ﬁbrils inmature sieve elements [77].
olecular characterization of the forisome component For1 indi-ated a strict expression of for1 genes in immature sieve elements,
oncomitantlywith a higher activity of the for1 promoter. In partic-
lar, for1 promoter activity was detected in the stem at sites where
econdary growth occurs [78]. In this study, the gradual increase in
able 2
orrelation coefﬁcient observed betweenproteins from the ligand-binding bet v 1 domain
aving at least one coefﬁcient inferior to −0.90 or superior to 0.90).
TCP-1/cpn60 chaperonin
family protein
Fructose bispho
aldolase
Spot 701 Spot 1316
Spot 2543 Pprg2 protein −0.92 −0.92
Spot 2576 harvest-induced
protein
−0.86 −0.93n apical (1/5) and basal (5/5) region. Green boxes/arrows and red boxes/arrows
nce in the apex.
thickness of the vascular bundle revealed by microscopic imaging
(Fig. 1) is associated with a signiﬁcant accumulation of sieve ele-
ment occlusion 3 (SEO3) proteins from the apex to the base of the
stem (spot 428) (Table S2).
4.5. Typical basal proteins: redox regulation and stress-related
proteins
Finally, one major characteristic of the basal regions of
the stem is the accumulation of oxidative stress-related and
stress-responsive proteins. Among these, peroxisomal membrane
proteins (spot 1339), monodehydroascorbate reductase (spot
1215) and ﬂavoproteins wrbA-like (spots 2019 and 2020) are more
accumulated in these mature regions as compared with the apical
part (Table S2 and Fig. 5J). Similarly, Pprg2 (spots 2543) member of
the PR-10 family and harvest-induced proteins (spot 2576) display
the highest fold-changes in this study (Table S2 and Fig. 5J). They
have a ligand-binding bet v 1 domain susceptible to respond to
hormonal stimuli such as ABA [79]. In alfalfa, the higher expression
of RNA coding for homologous proteins has been reported follow-
ing drying, heat stress or direct freezing [79]. Furthermore, Pprg2
proteins have been described in the roots of M. truncatula respon-
ding to auxin treatment, to Sinorhizobium meliloti inoculation [80],
in stem region of alfalfa parasitized by dodder and may be involved
in the general plant response to bacterial infection [81].We noticed
a strong anti-correlation between the abundance of these stress-
responsiveproteins and that of fructose-1,6-bisphosphatase in spot
1332, the fructose bisphosphate aldolase in spot 1316 and cpn60
in spot 701 (Table 2). In fact, these Pprg2 proteins accumulate in
the stem region where almost all proteins involved in photosyn-
thesis and respiration were of lower abundance, which suggests
family and the other differentially expressed proteins (represented are the proteins
sphate Fructose-1,6-
bisphosphatase
Pprg2 protein Harvest-induced
protein
Spot 1332 Spot 2543 Spot 2576
−0.95 1.00 0.95
−0.86 0.95 1.00
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hat their regulation may be linked to the normal developmen-
al process rather than to an external parasitic induction. Among
he other proteins which accumulate in the ﬁbrous basal region
re secreted proteins affected by biotic stress tolerance, such as a
ultifaceted apoplast endochitinase (spot 1415) involved in both
evelopment and pathogenic plant response and a TolB protein
spot 2586) already observed to increase in abundance following
athogen infection in A. thaliana [82].
. Conclusions
Our data highlight a metabolic switch occurring along the stem
f alfalfa. From the establishment of the photosynthetic machinery
n the apical part to the accumulation of redox and stress-related
roteins in the most basal segment, each stem region develops its
wn proteome proﬁle. The high abundance of proteins involved in
hloroplast and mitochondrial activities coincides with an increase
n the proportions of the different ﬁbres and with a higher expres-
ion of genes coding for cellulose synthases putatively regulating
econdary wall biogenesis. This suggests that the photosynthetic
etabolism of the stem provides at least partially the basic build-
ng blocks for the production of the ﬁbrousmaterial. Far frombeing
etabolically inactive, the mature stem regions accumulate pro-
eins commonly observed in response to biotic/abiotic stresses.
ince the base of the stem is in the direct vicinity to the ground
cosystem, the higher accumulation of stress-related proteins may
e associated with the acquisition of functions linked with plant
efence, thus protecting the plant against external aggressions.
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